The present study was aimed at determining whether insulinlike growth factor-i (IGF-1) is a component of fetal bovine serum (FBS) that enables porcine cumulus cells to expand in response to FSH in vitro. Cumulus-oocyte complexes (COC) obtained from 4-to 6-mm follicles of prepubertal gilts were cultured at 39C for 24 h in media that contained human recombinant IGF-1 (50 ng/ml), FBS (15% v:v), or their combination, with or without FSH (1.5 ixg/ml), and cumulus expansion was scored microscopically. Expansion was FSH dependent and was observed only when IGF-1, FBS, or both were present. The proportion of FSH-stimulated COC exhibiting full expansion in response to IGF-1 alone did not differ significantly (p > 0.05) from the proportion in those cultured with FBS or IGF-1 +FBS (79 + 2.8% vs. 84 -2.2% or 76 ± 6.2%, respectively). In a concentration-response study, FSH-stimulated expansion was observed in a significant proportion of COC (32 ± 2.8% vs. 0% control) at 1 ng/ml IGF-1, with the proportions increasing dosedependently to maximal values between 10 and 75 ng/ml IGF-1, and decreasing at higher IGF-1 concentrations. Exposure of COC to an IGF-1 receptor (IGF-1 R)-neutralizing antibody (Ab) for 90 min before addition of FSH and FBS dose-dependently inhibited cumulus expansion, with maximal inhibition at 10 tug/ml (1 + 1.0% vs. 68 + 1.1 % control). In the absence of FBS or IGF-1, some COC had a tendency toward slight expansion when cultured with FSH, and the Ab completely inhibited that effect, suggesting that this may be due to endogenous IGF-1 production by the COC. The Ab effect was reversible and was eliminated by washing twice with fresh medium followed by culture for an additional 24 h in the presence of FSH and FBS. Expression of IGF-1 R mRNA in the isolated oocyte and cumulus cells was determined by reverse tramscriptase polymerase chain reaction using sequence-specific primers. The IGF-1R message was detected in both the oocyte and cumulus cells. Collectively, these observations suggest that IGF-1 is a component of serum that enables cumulus cells to expand in response to FSH in vitro, and that the effect is receptor mediated. Since IGF-1 is present in the follicle in vivo, it may have a physiological role during gonadotropin-induced cumulus expansion.
INTRODUCTION
After the preovulatory gonadotropin surge, the cumulus cells surrounding the oocyte undergo a dramatic conformational change. The compact layers of cumulus cells expand due to the deposition of mucoelastic material in the extracellular matrix. Optimal expansion of the cumulus mass appears to be essential both for normal ovulation [1] and for subsequent fertilization [2, 3] . In vitro, cumulus exAccepted January 14, 1997. Received September 3, 1996 . The University of Western Ontario, pansion can be induced in isolated cumulus-oocyte cell complexes (COC) by FSH [4] [5] [6] , epidermal growth factor [5] [6] [7] , cAMP analogues [8] , forskolin [9] , or prostaglandin E 2 [10] . The ultrastructure of the mucified matrix is a fibrillar network of which hyaluronic acid (HA), a nonsulfated glycosaminoglycan, is an integral component [11] . Specific hyaluronidases alter this network [12, 13] and dissociate the cumulus mass into individual cells [14] .
Cumulus expansion in vitro, but not HA synthesis, was shown to be dependent upon the presence of some high molecular mass (> 10 000 daltons) component of serum [4, 15] . When freshly isolated mouse COC were cultured with FSH in the absence of fetal bovine serum (FBS), the mucoelastic matrix did not form. Under these culture conditions, cumulus cells lost contact with each other and settled individually on the culture dish. However, total HA synthesis by FSH-stimulated COC remained unaltered [15, 16] . In the presence of FBS, -80% of the synthesized HA is retained in the matrix, whereas the same proportion is released into the medium in the absence of FBS. It was therefore suggested that the role of serum in cumulus expansion in vitro is to promote the retention of HA within the COC [15] . The serum factor was later identified as a protein belonging to the inter-al-trypsin inhibitor family (I(cI) with an apparent Mr of 150 000 [17] . Addition of purified IaI at 1 Rpg/ml enabled mouse cumulus cells to expand in vitro in response to FSH in the absence of serum, while COC failed to expand when the serum was depleted of II, adding further support to the identification of the factor. This factor was detected in mouse follicular fluid collected 6 h after hCG injection to stimulate ovulation, but not in unstimulated mice [17] . Immunocytochemical staining, using anti-human IaI IgG, revealed anti-IolI-positive epitopes in the cumulus extracellular matrix of mouse preovulatory follicles. Subsequently, Camaioni et al. [18] reported that the serum factor acts as a structural component of the matrix and that its specific binding to HA is essential for successful organization of the COC matrix.
Recently, in an incidental finding during in vitro maturation (IVM) studies with porcine COC, we observed that the addition of exogenous insulin-like growth factor-1 (IGF-1) to a serum-free medium enabled cumulus cells to expand in response to FSH. Furthermore, at least in the human, serum has been reported to contain high concentrations of IGF-1 (normal range in an adult is -200 ng/ml; during puberty, concentrations rise to levels 2-3 times those seen in adults) [19] . In situ, an IGF-1 system complete with its ligand, receptor, and binding proteins exists in the ovary [20] . In fact, the rat ovary displayed the third-highest levels of IGF-1 mRNA of all adult tissues tested, second only to the uterus and the liver [21] . Collectively, all these observations suggest that IGF-1 may have a role in the induction of cumulus expansion both in vivo and in vitro. The aim of the present study was to determine whether IGF-1 is a component of FBS that enables porcine cumulus cells to expand in response to FSH in vitro, and whether its effect is receptor mediated. Isolation and culture of COC. Ovaries were collected from prepubertal gilts at a slaughterhouse, and intact COC were isolated by rupturing 4-to 6-mm follicles in Hepesbuffered HBSS containing 1% (w:v) BSA. Only those COC that had at least 4 layers of unexpanded cumulus oophorus cells were selected for the experiments. Culture medium was prepared as described by Tsafriri and Channing [22] , with a few modifications, and consisted of bicarbonate-buffered medium 199 with Earle's salts supplemented with 12.5 mM Hepes buffer, 1 mM sodium pyruvate, 20 mM sodium lactate, and 100 ig/ml gentamycin. The COC were cultured in 24-well plates (Becton Dickinson, Lincoln Park, NJ) containing 1 ml of the medium and 30-40 COC per well. Incubations were carried out at 39°C in an atmosphere of 95% air:5% CO 2 for various time periods and treatment conditions depending upon the experiment.
MATERIALS AND METHODS

Cumulus Expansion Studies
Assessment of cumulus expansion. Cumulus expansion was scored on the commonly used subjective scale of 0-4 as previously described [5] [6] [7] [8] . In this scoring system, 0 indicates no observable expansion; +1 indicates outer 1-2 layers expanded; +2 indicates outer one half of the cumulus expanded; +3 indicates all layers expanded other than last layers of corona radiata; and +4 indicates all layers expanded, including corona radiata.
Statistical analysis. Each experiment was repeated at least twice to confirm consistency of results. Data were assessed by ANOVA using arcsin transformation of the proportions [23] , and p values < 0.05 were considered significant. Differences between means for multiple comparisons were assessed by Duncan's New Multiple Range test [24] . ANOVA was reanalyzed as a two-way format with the experiment as one factor and treatment as the other. In all the experiments, there was no interaction. For presentations, data were expressed as percentage mean + SEM.
Gene Expression Studies
Separation of oocytes and cumulus cells. COC were collected as described above for the cumulus expansion studies. The oocyte and cumulus cells were separated by removal of cumulus cells from the COC with a fine-bore (-80 im) pipette and then washed 5-7 times with Dulbecco's PBS (D-PBS) containing 0.3% polyvinylpyrrolidone (Sigma). Pools of 100 oocytes and cumulus cells from 100 COC were stored in 10 jil of D-PBS at -70 0 C until RNA isolation. cDNA, and amplification of the cDNA using PCR were carried out essentially as previously described [25, 26] . The amplification profile was slightly modified to suit IGF-1R primers and consisted of 30 cycles: at 94C for 1.0 min (dissociation); at 55°C for 2.0 min (annealing); and at 72°C for 2.0 min (extension). The final cycle included a further 30 min at 72C for complete strand extension. The primers (5' primer ATGCTGITIGAACTGCAGCGCATGTGCTGG, nucleotides 3763-3792 in cDNA; 3' primer CCGCTCG-AGCTTGCGGCCCCCGTTCAT, nucleotides 4116-4090 in cDNA) used in this study were similar to those described by Telford et al. [27] and Zhang et al. [28] and predict a DNA fragment of 354 base pairs. This primer pair spans known introns that help to distinguish amplifications of mRNA reverse transcribed to cDNA from amplifications of any contaminating genomic DNA. For both the oocyte and cumulus cells, RT-PCR reactions were carried out twice on two separate cell preparations. The identity of the PCR products was confirmed by digestion with a diagnostic restriction enzyme BanII according to the supplier's instructions. Final products were analyzed by electrophoresis through 7% polyacrylamide gels. Prior to this study the quality of the RNA extracted from each follicular component, and its reverse transcription to cDNA, were tested by using 13-actin primers, since transcripts for cytoplasmic 13-actin are expected to be present in all cell types. Furthermore, the same RNA preparations were used in our previous studies in which gene expression for other growth factors was examined [25, 26] . licular cells in our laboratory [29, 30] . The levels of FBS and FSH used in this investigation are similar to those we employed in previous studies [5, 6] and yield cumulus expansion in -75-85% of porcine COC on a regular basis. The maximal degree of cumulus expansion after 24 h of culture was +3. Because of the insignificant proportion of complexes exhibiting +1 and +2 degrees of cumulus expansion, only the complexes with +3 expansion were used for comparisons among various treatment groups. Expansion was FSH dependent and was observed only when IGF-1, FBS, or both were present (Fig. 1) . The proportion of FSH-stimulated COC exhibiting full expansion in response to IGF-1 alone did not differ significantly (p > 0.05) from the proportion for those cultured with FBS or IGF-1+FBS (79 ± 2.8% vs. 84 ± 2.2% or 76 ± 6.2%, respectively).
Reverse transcription polymerase chain reaction (RT-PCR). Extraction of total RNA, its reverse transcription into
RESULTS
Cumulus Expansion
Experiment 2. Testing the concentration-response of IGF-I on FSH-stimulated cumulus expansion.
The COC were cultured in the absence of FBS for 24 h with various concentrations (1, 10, 25 , 50, 75, and 100 ng/ml) of IGF-1 in the media supplemented with 1.5 Ixg/ml of FSH and were observed for cumulus expansion. The results from this experiment are depicted in Figure 2 . Levels of IGF-1 as low as 1 ng/ml enabled FSH to induce cumulus expansion in a significant proportion of COC (32 + 2.8% vs. 0% in the control), with the proportions increasing to maximal values between 10 and 75 nglml IGF-1 (Fig. 2) . At these IGF-1 concentrations (10-75 ng/ml), the proportions of COC exhibiting +3 expansion were similar to those observed with 15% FBS (Fig. 2) . Although the percentage of expanded COC with 100 ng/ml IGF-1 was significantly lower than the percentage with 25 ng/ml IGF-1 (60 3% vs. 73 5.1%), it was not statistically different from that for the FBS group (60 ± 3% vs. 68 + 4.6% with FBS).
Experiment 3. Testing whether IGF-1 is a component of FBS that enables cumulus cells to expand in response to
FSH by immunoneutralization of cumulus cell IGF-1 R. Isolated COC were cultured with various concentrations (1 ng-10 jIg/ml) of an IGF-IR-neutralizing Ab for 90 min, FSH and FBS were added, and culture continued for 24 h. This Ab is a monoclonal, raised in the mouse, that immunoprecipitates the o and 13 subunits of human IGF-IR. It is specific for IGF-1R and does not affect the insulin and IGF-2 receptors. As shown in Figure 3 , the Ab dose-dependently inhibited cumulus expansion with maximal inhibition at 10 g/ml (1 ± 1.0% vs. 68 + 1.1% in the control). In the absence of FBS or IGF-1, some COC had a tendency toward slight expansion when cultured with FSH, and the Ab completely inhibited that effect (data not shown).
To test reversibility of the Ab effect, the COC cultured with the maximal concentration (10 ;xg/ml) of IGF-1R Ab, in the absence/presence of FSH and/or FBS, were washed and recultured for an additional 24 h in the presence of FSH and FBS. In general, the proportion of precultured COC exhibiting +3 expansion in each group was lower than for their freshly cultured counterparts (Fig. 4 vs. Figs.  1-3) . However, the percentage of expanded COC in the group precultured in the presence of Ab was similar to that in the precultured control (Fig. 4) .
Gene Expression Studies
Transcript for IGF-1R was detected both in the oocyte and in cumulus cells (lanes O and C, Fig. 5 ). No amplified product was detected when the cumulus cells-oocytes were absent from the rinse medium (lane R, Fig. 5 ) or when the cDNA was replaced with water during PCR amplification (lane W, Fig. 5 ). However, IGF-1R mRNA signal was observed in rat kidney (lane K, Fig. 5 ), which was used as a positive control. The identity of the amplified product was further confirmed by cutting the band with a diagnostic restriction enzyme BanII, which yielded the cDNA fragments of expected size (data not shown).
DISCUSSION
The insulin-like growth factors (IGFs) constitute a family of homologous, low-molecular-weight, single-chain polypeptide growth factors named for their remarkable structural and functional similarity to insulin [19] . Although the traditional role of IGF-1, a 70 amino acid polypeptide, was viewed as endocrine with the formulation of the somatomedin hypothesis, it is becoming increasingly clear that the ovary is one of several extrahepatic tissues in which it is produced locally and presumed to subserve functions in keeping with specific cellular needs [31] . Cellular localization studies indicate granulosa cells to be the major Total RNA was isolated from oocytes (0) and cumulus cells (C), submitted to RT-PCR using primers specific for IGF-1 R, and analyzed by electrophoresis through 7% polyacrylamide gels. For positive control, rat kidney RNA was added (K), and for negative controls, oocytes or somatic cells were absent from the rinse medium (R) or else the cDNA was replaced with water (W). Molecular weight markers (L) are a 1-kilobase ladder containing vector DNA fragments that range from 75 to 1636 base pairs (Gibco, BRL, Grand Island, NY). The size (bp) of predicted amplified product is indicated.
source of IGF-1 in the ovarian follicle, while the IGF-1R is present both in the mural granulosa and in the thecainterstitial cells (reviewed by Adashi [31] ). Although IGF-1 has been shown previously to modulate a variety of somatic follicular cell functions such as proliferation, differentiation, and steroidogenesis [20, [29] [30] [31] [32] [33] , the present study implicates IGF-1 in cumulus cell expansion for the first time. The data indicate that, in vitro, IGF-1 can enable cumulus cells to expand in response to FSH in a manner similar to that observed when serum is present in the medium. IGF-1 is very potent in this regard, since a concentration as low as 1 ng/ml is effective, with maximal response occurring at 10 ng/ml.
The results from the IGF-1R neutralization studies indicate that the cumulus expansion-enabling effect of FBS is, in fact, due to its IGF-1 activity. The data further suggest that unlike the previously reported IaI factor [17, 18] , serum IGF-1 does not act as a structural component of the cumulus matrix but rather elicits its cumulus expansionenabling effect through a receptor-mediated process. In the present study, an IGF-lR-neutralizing monoclonal Ab was used to abolish the serum IGF-1 effect on cumulus cells instead of an IGF-1 ligand Ab to neutralize serum IGF-1. This strategy was chosen because in the absence of IGF-1 ligand, IGF-2 and insulin present in the serum can bind IGF-1R and trigger a similar signal transduction cascade [19] . Although to our knowledge there is no previous report of its use in the pig, the Ab used in this study was shown to be specific for the IGF-1R and had no effect on insulin and IGF-2 receptors in the human [34] . The reversibility of its effect on cumulus expansion in the present study further 
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,% supports the specificity of the Ab effect. That the lower percentage of COC exhibited +3 expansion in each group in this reversibility experiment may be attributed to the fact that the COC became less responsive to FSH due to 24-25-h preculture in the absence/presence of IGF-1R Ab. In the absence of FBS or IGF-1, some COC had a tendency toward slight expansion when cultured with FSH, and the Ab completely inhibited that effect, suggesting that this may be due to endogenous IGF-1 production by the COC. In fact, IGF-1 protein has been localized in the oocyte and cumulus cells of developing rat follicles [35] , providing further support to the notion. Although previous studies have indicated the presence of IGF-1R mRNA in the rat oocyte [28] , and IGF-1R in mural granulosa and theca-interstitial cells [31] , to our knowledge nothing was known about its existence in cumulus cells. The localization of IGF-1R mRNA in cumulus cells by RT-PCR suggests synthesis of the receptor in these cells and further supports the receptor-mediated concept of the IGF-1 effect on cumulus cell expansion. Although the mRNA signal in cumulus cells appears to be much stronger than in the oocyte, no conclusions can be drawn regarding the relative abundance of the message, as the RT-PCR technique used was not quantitative.
As mentioned above, previous studies in the mouse implicated a large peptide (Mr 150 000) belonging to the lI family as a component of FBS that enables cumulus cells to expand in response to FSH in vitro [17] . Since in vivo the blood-follicle barrier is less permeable to such a large molecule, it was speculated that the preovulatory LH surge disrupts the integrity of the follicular wall, thereby allowing circulating plasma IaI protein into the follicle and thus ensuring proper cumulus expansion [17] . The relationship between the present findings with IGF-1 and this IaI concept remains to be determined and is a subject for future studies. However, it should be pointed out that the authors of the study just cited [17] did not rule out the possibility of some other potent factor(s) that might have complexed with the loI molecule during purification and thus may have resulted in cumulus cell expansion. Furthermore, species differences between the pig and the mouse may explain the different requirement for cumulus cell expansion. The fact that IGF-1 is present in serum [19] , that IGF-1 has effects on other somatic cell functions in the ovarian follicle [20, [29] [30] [31] [32] [33] , and that IGF-1 ligand, receptor, and binding proteins exist in the ovarian follicle ( [20] , present data) indeed support a role for IGF-1 in cumulus cell expansion.
In conclusion, we have provided evidence that IGF-1 is a component of FBS that is responsible for its cumulus expansion-enabling activity in vitro. Since the expansion of the cumulus mass appears to benefit in vitro fertilization [2, 3] , up to now most investigators have used serum in the culture medium during IVM to obtain fully expanded porcine COCs. The results from the present study indicate that full expansion of the cumulus can be accomplished in a chemically defined medium containing IGF-1. The use of such defined media should allow more comprehensive IVM studies in the future that may lead to improved techniques for the maturation of porcine oocytes and thus to increased fertilization and embryonic development. Since IGF-1 is present in the follicle, the evidence from this study also suggests that this growth factor may have a physiological role during gonadotropin-induced cumulus expansion in vivo.
